Background & Aims: The Helicobacter pylori toxin vacuolating cytotoxin (VacA) 
Introduction:
Helicobacter pylori has been classified as a Class I carcinogen by the World Health Organization [1] . Chronic H. pylori infection is a risk for the onset of serious gastric disease, including peptic ulcer disease, mucosa lymphoid tissue (MALT) lymphoma and gastric cancer, the second leading cause of cancer deaths worldwide [1] . The mechanisms responsible for initial susceptibility to infection and subsequent chronic infection involve a complex interplay between host and bacterial factors. One specific virulence factor important for colonization and disease outcome is the vacuolating cytotoxin (VacA) [2] .
The exact mechanisms by which VacA contributes to colonization and disease outcome remain unclear.
Autophagy is an evolutionarily conserved process that results in the sequestration of cytosolic components within double membrane compartments called autophagosomes.
These compartments fuse with lysosomes to become autophagolysosomes, which degrade vesicle contents through the action of lysosomal hydrolases. Although initially recognized to occur in response to cellular stresses such as nutrient starvation, current evidence indicates that autophagy plays a critical role in modulating host immunity and inflammatory responses. Importantly autophagy is thought to serve as an innate defense mechanism against infection. Autophagy is stimulated in response to the invasion of intracellular pathogens and the presence of bacterial toxins [3] . In addition, studies in Caenorohabditis elegans, Drosophila and mice suggest that autophagy is a critical pathway for controlling infection. For example, inactivation of an autophagy dependent gene in C. elegans increases intracellular replication of Salmonella typhimurium [4] . In mice, disruption of a bacterial-selective autophagy pathway promotes intracellular replication of Shigella [5] . However, a number of pathogens evade or utilize the autophagy pathway for enhanced survival and persistence in host cells [6, 7] .
While an increasing number of pathogens have been demonstrated to subvert autophagic pathways to promote intracellular survival, much less is known about the potential consequences of pathogen-mediated disruption of autophagic pathways or, alternatively, the influence of autophagic defects within host cells for controlling infection in humans and influencing disease pathology. Recent studies from our lab revealed that within gastric epithelial cells in vitro, autophagic signaling is induced in response to infection with H. pylori in a VacA-dependent manner [8] . Furthermore, autophagy eliminates VacA. Here, we specifically evaluated the biologic significance of the autophagy pathway during H. pylori infection in vitro and in vivo in human subjects, and assessed the influence of both pathogen and host genetic factors.
Methods and Materials:

Cells, bacteria and antibodies:
Culture conditions for human gastric epithelial cells (AGS) and murine primary gastric cells were as described previously [9, 10] . Growing conditions for wild-type H. pylori strain 60190 (ATCC 49503; cagA+ cagE+ VacA+) and its isogenic vacA mutant strain (provided by Dr. R. Peek) were as described previously [11, 12] . Rabbit polyclonal p62 antibodies were from Santacruz Biotechnology, CA. Rabbit anti-H. pylori antibodies were from DAKO (Denmark). Mouse anti-human Lamp1 antibodies were purchased from (Developmental Studies Hybridoma Bank, Iowa City, IA). Cathepsin D antibodies were from Upstate (Lake Placid, NY). Rabbit anti-VacA antibodies were a kind gift from Dr. S. R. Blanke. All other reagents were obtained from Sigma-Aldrich (St. Louis, MO).
Detection of reactive oxygen species and cell death using FACS:
For the detection of reactive oxygen species, a redox-sensitive dye 5-(and-6)-chloromethyl-20,70-dichlorodihydrofluorescein diacetate, acetyl ester(CM-H 2 DCFDA) was used. Fluorescence was measured using a FACSCalibur flow cytometer.
Cell death analysis was performed using 3μM propidium iodide (Invitrogen) in PBS buffer and assessed by fluorescent-activated cell sorting FACS (FACSCalibur, BD Biosciences). The percentage of stained cells was determined and compared with appropriate negative controls.
Isolation of Peripheral blood monocytes (PBMC):
Venous blood was drawn from healthy genotyped volunteers in sterile EDTA coated tubes (BD Vacutainer,) diluted 1:1 with pyrogen-free saline and layered over FicollPaque (GE Healthcare Sciences, Canada). Approval for the study was provided by the local ethics board (Approval No. MSH REB#02-0234-E).
Cells were spun at 400g for 30min to obtain the mononuclear cell fractionation via density centrifugation, washed and suspended in culture medium. Cells were counted and plated in 6-well plates where they were treated with various stimuli: muramyl dipeptide (MDP, 10μg/ml, InvivoGen, San Diego), and concentrated culture supernatants of H. pylori strain 60190 (200μl/ml) for 24 hours with bafilomycin (50μg/ml, Sigma) and rapamycin (100ng/ml, Enzo Life Sciences International, USA) used for the last 4 hours of incubation. Collected cells were then lysed and used for immunoblots.
Densitometric analysis was performed using FlourChem FCII software. All blots from each independent experiment were used. Densities of the LC3 II and actin bands were measured for each treatment and expressed as a ratio of LC3II/actin, normalized to each subjects control.
Statistical analysis:
Analysis of variance (ANOVA), unpaired T test and other statistical analysis of the results were performed utilizing GraphPad Prism 4 for Macintosh V 4.0b.
Other assays:
Immunofluorescence, immunohistochemistry, immunoblotting, bacterial survival, genotyping and other assays were performed as previously described and are outlined in detail in the supplementary materials section.
Results:
Prolonged exposure to VacA toxin causes accumulation of defective
autophagosomes:
Previous studies have shown that limited exposure to H. pylori VacA for 6h triggers autophagy in AGS cells, resulting in degradation of the toxin in autophagosomes suggesting that autophagy serves as a protective host response during infection [8] . To further assess the biologic significance of the pathway during infection we exposed gastric cells to VacA toxin for prolonged periods to mimic the setting of chronic infection and utilized the LC3-eGFP-mRFP tandem construct to follow the maturation of autophagosomes [13] . After formation, autophagosomes fuse with lysosomes and acquire cathepsins and acid phosphatases to become mature autolysosomes [6, 14] . Modified LC3 remains associated with autophagosomes until hydrolysis at the autolysosomal stage.
During autophagosome maturation the mRFP-LC3 signal persists longer than the GFP-LC3 signal since mRFP is resistant to autolysosomal proteases and has a lower pKa [13] .
As we had previously shown that VacA was necessary and sufficient to induce autophagy and that autophagy did not occur during infection with isogenic vacA-mutants we Next we measured the hydrolysis of long half-life proteins, whose turnover depends on autophagy, in VacA+ CCMS treated cells [15, 16] . Figure 1E shows that the degradation of long half-life proteins in VacA+ CCMS treated cells was lower than in cells undergoing autophagy triggered by rapamycin treatment. Taken together, these findings suggest that the autophagosomes formed by VacA are defective and have reduced catalytic activity.
VacA protects cells from rapamycin-mediated cell death:
Autophagy is considered cytoprotective but in certain settings excessive autophagy can cause cell death [17, 18] . For instance, overexpression of Atg1 in Drosophila melanogaster salivary glands triggers an autophagic phenotype followed by cell loss which is prevented by inhibiting autophagy [19] . Similarly prolonged treatment with rapamycin, which triggers autophagy, induces death of mammalian cells [20] . Therefore, we next assessed the effect of VacA mediated changes in autophagy on rapamycin- 
VacA induced autophagosomes lack Cathepsin-D:
We next determined if VacA+CCMS-triggered autophagosomes failed to mature due to lack of fusion with lysosomes. VacA+CCMS-induced autophagosomes acquired the late endosomal lysosomal marker Lamp1 ( Figure 2 ) and co localized with lysosensor probes (Supplementary figure 3) indicating that autophagosome-lysosome fusion and acidification were not affected.
Previous reports indicate that VacA alters the degradative properties of the endocytic pathway by subverting the sorting and activation of cathepsin enzymes [11, 21] . We had shown that in VacA positive but not isogenic VacA mutant infected cells, lysosomes lack cathepsin D, a key hydrolase, which in turn affects their degradative properties [11, 21] . thus the catalytic activity required to complete the autophagic degradative process [22] .
VacA induces formation of p62 aggregates in vitro and in vivo:
Dysfunctional autophagy leads to an accumulation of p62, which has been implicated in promoting tumorigenesis [23, 24] . Therefore, we determined the levels of p62 in AGS Crohn's disease autophagy risk allele reduces autophagy in response to VacA toxin:
Our previous studies indicated that while autophagy targets VacA to eliminate the toxin and restrict the growth of the bacteria, during prolonged exposure to VacA the toxin can counteract this effect by disrupting autophagy. Therefore, we next asked whether alterations in the host genetic autophagy machinery could modulate infection in the human setting. We took advantage of the recent genome wide association studies that identified a SNP in the autophagy gene, ATG16L1 (ATG16L1T300A-rs2241880), as a causal risk variant for Crohn's disease [26, 27] . Although the functional relevance of this variant remains unclear, it is speculated that the ATG16L1 CD risk allele may result in an unstable ATG16L1 protein and lead to impaired cytokine responses and anti-microbial autophagy, though without affecting basal autophagy function [28] [29] [30] .
We first assessed if ATG16L1 was required for VacA-mediated autophagy. In ATG16L1 siRNA-treated cells a lack of LC3 II conversion in response to CCMS was detected Figure 6A ,B) comparable to the Nod2 ligand MDP (data not shown), which is known to induce autophagy [31] . In PBMCs from individuals harboring the 300A "risk" allele, the response to VacA+CCMS was reduced when compared to the 300T allele-harboring PBMCs (Figure 6 A, B) .
Variants in the host autophagy gene, ATG16L1, increase susceptibility to infection:
These in vitro findings suggested that induction of autophagy in response to VacA is inefficient in the presence of the CD ATG16L1 risk allele. Since our studies indicate that autophagy restricts the intracellular survival of VacA+ H. pylori we next determined if the presence of this ATG16L1 variant had any impact on susceptibility to infection in humans. We initially studied Scottish first degree relatives of patients with gastric cancer, to minimize potential confounders such as variants in dietary and environmental exposures, housing standards etc. since potential exposure to infection would be the same [32] . All subjects were genotyped for ATG16L1 and NOD2 and underwent upper endoscopy and biopsies, including culture for H. pylori, to diagnose and characterize the extent of H. pylori infection and related gastritis phenotypes. Genotyped population controls were derived locally from umbilical cord blood sampling. Odds ratios (OR) for H. pylori infection were then calculated. There was a significantly increased OR for H. pylori infection among subjects who were homozygous for the 300A allele (GG genotype) compared with those homozygous for the 'protective' 300T allele (AA genotype) (Table 1 ) but no correlation with the NOD2 genotype (Data not shown) Since induction of autophagy was entirely dependent on the presence of toxigenic VacA, we then assessed the correlation between VacA genotype of the infecting strain and ATG16L1 genotype [33] . Among patients harboring the toxigenic s1m1 strains, 38% had the GG genotype. In contrast, of those harboring the less toxigenic s1m2 strain, only 17% had the GG genotype. Taken together, these findings indicate that there was a positive correlation between the ATG16L1 genotype and susceptibility to infection with the toxigenic strain of H. pylori.
We replicated our study in a cohort of German subjects who similarly underwent genotyping and upper endoscopy and biopsies, including culture for H. pylori. Once again, subjects homozygous for the risk 300A allele had a significantly higher OR of H. pylori infection in comparison to those harboring the 300A allele (Table 1) . These results confirm that the 300A allele in ATG16L1 confers a modest but significant host genetic risk of H. pylori infection. This is the first study to show that variants in an autophagy gene, ATG16L1, increase susceptibility to H. pylori acquisition and chronic infection in Caucasian populations.
Discussion:
Current evidence indicates that autophagy can be induced in cells as an innate defense mechanism to eliminate bacteria or toxins during infection [6, 7] . However, a number of pathogens are able to subvert this pathway as a strategy for their increased intracellular survival [6, 34] . Here we show that although autophagy is initially induced in gastric Autophagy plays dual roles, both as a tumor suppressor and tumor enhancer. The inability to eliminate protein aggregates and damaged organelles that produce genotoxic free radicals could increase the mutation rate within the genome, promoting cellular changes associated with oncogenesis. Tumor cells induce autophagy to handle metabolic stress and promote survival. However, defects in autophagy within tumor cells could also lead to cell death, inflammation and genetic instability. This in turn might create a microenvironment that predisposes to cancer [36, 37] . Mice lacking Beclin 1 accumulate p62, ROS and DNA damage in the liver leading to tissue damage, inflammation and ultimately hepatocellular carcinoma [23, 24, 37] . Thus our finding that VacA-mediated disrupted autophagy increases known risk factors for tumorigenesis including ROS in vitro and p62 in vivo in human subjects suggests that alterations in this pathway may be highly relevant for disease outcome during H. pylori infection. Thus infection with H. pylori may serve as a unique model system to determine the role of autophagy disruption in microbial-mediated carcinogenesis.
To our knowledge this is the first study to provide evidence that the Crohn's disease variant of ATG16L1 alters susceptibility to infection with an enteric microbe in human subjects at the population level. These findings support a role for altered autophagy in regulating the host response to enteric microbes in Crohn's disease pathogenesis. Of interest recent studies indicate that infection with H. pylori may actually serve a protective role against inflammatory bowel disease [38, 39] . It is interesting to speculate that due to increased susceptibility to infection, early exposure and acquisition of H. Table 1 . Association of the rs2241880 polymorphism with risk of H pylori infection in the German and Scottish studies. The Scottish study data were generated by comparing the two H pylori-infected subgroups (n=107) vs. the uninfected group (n=55); 4 samples (1 from infected and 3 from uninfected group) failed. The German study data were generated by comparing H pylori-infected subjects (n=273) vs. uninfected subjects (n=210); 3 samples failed (two from uninfected and 1 from infected group). Odds ratios, confidence intervals and p-values are given for per-genotype, dominant and recessive models.
a For the Scottish study, odds ratios were adjusted for age, sex and within-family sampling. For the German study, odds ratios were adjusted for age and sex. The alleles at the rs2241880 polymorphic locus were in Hardy-Weinberg equilibrium, with nonsignificant χ 2 values, in all control populations. Ratio of p62/Actin at 24h 
